Abstract-We investigate slow-light-enhanced ultracompact plasmonic Mach-Zehnder interferometer sensors. The sensing arm consists of either a conventional metal-dielectric-metal plasmonic waveguide or a waveguide system based on a plasmonic analogue of electromagnetically induced transparency. Such plasmonic electromagnetically induced transparency waveguide systems can be engineered to support slow-light modes. We find that, as the slowdown factor increases, the sensitivity of the effective index of the mode to variations of the refractive index of the material filling the structures increases. Such slow-light enhancements of the sensitivity to refractive index variations lead to enhanced sensing performance. We show that the Mach-Zehnder interferometer sensor using the plasmonic electromagnetically induced transparency waveguide system leads to approximately an order of magnitude enhancement in the refractive index sensitivity, and therefore, in the minimum detectable refractive index change, compared to the sensor using a conventional metal-dielectric-metal plasmonic waveguide. We also find that the refractive index sensitivity for such a plasmonic Mach-Zehnder interferometer sensor is approximately two times larger than the sensitivity of a waveguidecavity sensor in which the plasmonic electromagnetically induced transparency waveguide system is sandwiched between two conventional metal-dielectric-metal waveguides.
surfaces, enable a wide range of practical applications, including light guiding and manipulation at the nanoscale [1] . Metaldielectric-metal (MDM) plasmonic waveguides are of particular interest [2] [3] [4] [5] [6] [7] [8] [9] [10] , because they support modes with deep subwavelength scale over a very wide range of frequencies extending from DC to visible, and are relatively easy to fabricate [11] . These waveguides enable manipulating of light at a subwavelength scale. In a MDM waveguide the modal fields are highly confined in the dielectric region. This characteristic also makes the MDM waveguides very attractive for sensing applications. In addition, slow light offers the opportunity to compress the local optical energy density, which enhances light-matter interactions, and thereby improves the performance of nanoscale plasmonic devices [12] [13] [14] [15] [16] . Most recently, we introduced slow light enhanced subwavelength scale refractive index sensors which consist of a MDM waveguide based slow-light system sandwiched between two conventional MDM waveguides, and demonstrated that such kind of slow light enhanced sensors lead to great enhancements in the refractive index sensitivity [17] . We found that the attenuation associated with material loss in the metal limits the performance of the slow-light enhanced plasmonic sensors to a great extent because there is a trade-off between propagation loss and the group velocity [16] , [17] .
In Mach-Zehnder interferometer (MZI) based sensor structures, light from a laser enters the input waveguide and is split equally to the sensing and reference branches [18] . Here, we would like to investigate MZI based slow light enhanced plasmonic waveguide sensors. The sensing branch will be implemented with a MDM based slow-light waveguide to enhance the performance of the sensor, while the reference branch will be implemented with a low loss conventional MDM waveguide. Thus, compared to the slow-light based plasmonic sensors that we proposed in Ref. [17] , we expect that the overall power loss of the MZI based sensing system will decrease, and therefore the sensitivity of the sensor will further increase. In addition, in principle, an MZI based sensor system is relatively robust since the reference arm can be used to cancel out common mode noise terms, such as temperature modulations [19] . Based on the above considerations, there is a strong motivation to investigate the sensing characteristics of the MZI based plasmonic slow-light refractive index sensors.
In this paper, we first consider a MZI sensor with a conventional nanoplasmonic MDM waveguide as the sensing waveguide. Such a plasmonic waveguide can be engineered to support a slow-light mode. We find that, as the group velocity decreases, the sensitivity of the effective index of the mode to variations of the refractive index of the material filling in the structures increases. Such slow-light enhancements of the sensitivity to refractive index variations lead to enhanced performance of the plasmonic sensors. We then consider MZI based sensors in which the sensing arm consists of a slow-light waveguide based on a plasmonic analogue of electromagnetically induced transparency (EIT) [16] , [20] . We show that an MZI based sensor using such a plasmonic EIT waveguide system leads to approximately an order of magnitude enhancement in the refractive index sensitivity, and therefore in the minimum detectable refractive index change, compared to a MZI based sensor using a conventional MDM waveguide. In addition, we find that the refractive index sensitivity of the optimized MZI-based slow-light plasmonic waveguide system is also ∼ 1.9 times larger than the sensitivity of the previously introduced waveguide-cavity sensor in which the plasmonic EIT waveguide system is sandwiched between two conventional MDM waveguides [17] .
II. RESULTS
We consider a MZI, implemented with plasmonic waveguiding structures, which is used as a refractive index sensor ( Fig. 1(a) ). The fluid to be sensed flows over the sensing arm of the MZI. The fluidic channel and the plasmonic waveguide structure in the sensing arm overlap in the sensing region. The length and width of the sensing region are L S and W S , respectively.
The modes of the plasmonic waveguides in the sensing and reference arms are excited by an optical source such as a laser ( Fig. 1(a) ). The output power, which is the only measurable quantity in such a MZI structure, is collected by a photodetector, and is given by [21] 
where n is the refractive index of the biological or chemical analyte in the sensing arm, e −A (n ) and e −A 0 is the attenuation of the optical mode field in the sensing and reference arms, respectively, while B(n) and B 0 is the insertion phase of the sensing and reference arms, respectively.
For maximum sensitivity the reference arm insertion phase B 0 is therefore chosen so that in the absence of analyte (n = n 0 ), we have B(n 0 ) = B 0 ± mπ/2, where m = 1, 3, 5,.. [18] . In addition, unlike the symmetric case in which the attenuation in the two sensor arms in the absence of analyte is limited to be the same [21] , here the attenuation in the absence of analyte in the two sensor arms e −A (n 0 ) and e −A 0 ) is not limited to be the same. We find that
To characterize the sensing capability of the proposed MZI refractive index sensors, we define the following figure of merit (FOM) in terms of the relative change in the output power that occurs for a change in the refractive index [18] , [21] 
where transmission coefficient T = e −A −A 0 is the geometric mean of the power transmission coefficients through the two sensor arms in the absence of analyte, and sensitivity coefficient S = ∂ n . We use a two-dimensional (2-D) finite-difference frequencydomain (FDFD) method [22] [23] [24] [25] , to numerically calculate the transmission through the sensing arm of the sensor. This method allows us to directly use experimental data for the frequency dependent dielectric constant of metals such as silver [26] , including both the real and imaginary parts, with no approximation. Perfectly matched layer (PML) absorbing boundary conditions are used at all boundaries of the simulation domain [27] . The transmission through the sensing arm of the sensor is t(n) = exp[−A(n) − jB(n)]. We use our FDFD code to calculate the transmission through the sensing arm. The sensitivities of A(n)
∂ n of a MZI refractive index sensor implemented with MDM plasmonic waveguides as a function of the width w of the waveguides for different sensing region lengths Ls. Results are calculated at f = 194 THz using the analytical approximation of (4)(circles) and FDFD (solid lines). The metal and dielectric are assumed to be silver and water, respectively. and B(n)to refractive index variations can then be calculated by approximating the derivatives by finite differences:
. In our calculations, we use Δn = 10 
A. Conventional MDM Waveguide in the Sensing Arm
We first consider the case where the plasmonic waveguiding structure used in the sensing arm of the MZI sensor is a conventional MDM plasmonic waveguide ( Fig. 1(c) ). The metal and the dielectric are assumed to be silver and water, respectively. In Fig. 2 , we first consider a deep subwavelength sensing region with length L s = 200 nm, and show the FOM for such a structure as a function of the width of the MDM waveguide w, calculated using FDFD and (3)(red solid line). We observe that the FOM increases as the width of the waveguide w decreases. This is due to a fact that, as w decreases, the group velocity of the optical mode supported by the waveguide decreases [15] . The sensitivity of the effective index of the mode to variations of the refractive index of the dielectric therefore increases [21] , [28] , so that the sensor's normalized power sensitivity increases.
Note that the practical lower limit for the MDM waveguide width is w ∼ 20 nm [18] . Thus, the maximum FOM when a conventional MDM plasmonic waveguide is used in the sensing region is ∼ 0.7 for sensing length L s = 200 nm. Also note that when a translationally invariant waveguide such as the conventional MDM plasmonic waveguide is used in the sensing region of the MZI sensor we have A = αL s and B = βL s , where α and β = 2π/λ 0 n eff are the real and imaginary parts, respectively, of the propagation constant of the fundamental MDM waveguide mode. In addition, for the range of parameters considered here, we can neglect the sensitivity ∂ α ∂ n so that (3) reduces to [18] , [21] 
In Fig. 2 , we show the FOM calculated with the approximation of (4)(black circles), as well and we observe that it is in excellent agreement with the FOM calculated using FDFD. Here n eff is calculated using FDFD by exciting the fundamental mode of the waveguide with a dipole source [29] . In addition, we also consider the FOM as a function of the width of the MDM waveguide w for different sensing lengths of such structure. We found that the FOM increases as L s increases. Even though the sensitivity of the effective index of the mode to variations of the refractive index of the dielectric ∂ n e ff ∂ n does not depend on the sensing length L s , the FOM still increases as L s increases as can be seen from (4). On the other hand, the transmission coefficient T of the sensor decreases as the sensing length L s increases for all these lossy waveguides. However, the increase in the sensitivity coefficient S dominates the decrease in the transmission coefficient T of the sensor, so that overall the FOM also increases as the sensing length L s of the MDM plasmonic waveguide increases.
B. Plasmonic Analogue of EIT Waveguide System in the Sensing Arm
We now consider the case where the plasmonic waveguide structure used in the sensing arm of the MZI sensor is a slowlight plasmonic analogue of EIT waveguide system [17] . More specifically, the plasmonic system used in the sensing arm consists of a periodic array of two MDM stub resonators side coupled to a MDM waveguide ( Fig. 1(b) ), which exhibits a small group velocity dispersion over a broad wavelength range [16] . This system, which was also experimentally investigated recently [20] , for brevity will heretofore be referred to as the plasmonic EIT system. N periods of the structure are included in the sensing region. We first consider a MZI sensor in which a single period of the plasmonic EIT system is included in the sensing region (N = 1). The transmission spectra of such a structure features a transparency peak centered at a frequency which is tunable through the length L 1 + L 2 + w of the composite cavity formed by the two stub resonators [16] , [21] . Here we choose L 1 + L 2 + w = 420 nm and w = 50 nm, so that the transparency peak is approximately centered at the operating frequency of f = 194 THz (λ 0 = 1.55 μm) [21] . Our proposed structure can be fabricated using techniques such as focused ion beam milling, electron beam lithography, and nano-imprint lithography [30] [31] [32] . The width of the MDM waveguide in the reference arm is also set to be 50 nm. In Fig. 3(a) , we show the FOM and enhancement for the MZI sensor in which a single period of the plasmonic EIT system is included as a function of the stub resonator length L 1 with negative sign ("−"solid line) and positive sign ("+" dashed line) in (3) . The enhancement here is calculated with respect to a reference MZI sensor with a conventional MDM waveguide in the sensing arm which has the same sensing region length. In addition, the width of the conventional MDM waveguide in this reference MZI sensor is 
and enhancement of a MZI refractive index sensor implemented with a plasmonic EIT system in the sensing arm ( Fig. 1(b) ) as a function of the stub resonator length L1 with w = 50 nm for negative sign ("−" solid line) and positive sign ("+" dashed line) in (3). Results are calculated for (a) a single period, (b) two periods, (c) three periods, (d) four periods, (e) six periods and (f) ten periods of the plasmonic EIT structure included in the sensing region at f = 194 THz using FDFD. The period is d = 100 nm, and the sensing region width is W S = L 1 + L 2 + w = 420 nm. The width of the MDM waveguide in the reference arm is also 50 nm. The metal and dielectric are assumed to be silver and water, respectively. chosen w = 20 nm so as to maximize its FOM. We also note that the choice of the sign in (3) depends on whether the difference between the sensing and reference arms insertion phases in the absence of analyte, which as mentioned above is chosen to be an odd multiple of π/2, is chosen to be positive or negative. In both the positive and negative sign cases, as L 1 increases, the FOM first increases, and then decreases, as L 1 further increases ( Fig. 3(a) ).
We also investigate the effect of varying the number of periods N of the plasmonic EIT system in the sensing region. In all cases, we found that the FOM as a function of the stub length L 1 has a similar trend as in the N = 1 case (Fig. 3(b) , (c), (d), (e) and (f)), and the maximum FOM of ∼ 17.6 is obtained when N = 10. If the number of periods N is further increased, the FOM for the optimum stub length L 1 decreases. This is because for large sensing lengths the decrease in the transmission coefficient T dominates the increase in the sensitivity coefficient S. Fig. 3 also demonstrates that increasing the number of periods N in the sensing region decreases the optimum stub length L 1 of the sensor. This is due to the fact that when lossy waveguides are used in the arms of a MZI sensor the optimum length of the sensing region is equal to the propagation length of the optical mode in the waveguides [19] , [22] . For the plasmonic EIT system considered here, as L 1 decreases, L 2 increases, since L 1 + L 2 + w is fixed as mentioned above. Thus, the stub lengths difference ΔL = L 2 − L 1 increases, hence the frequency spacing between the stub resonances Δω increases. As a result, the slow down factor of the optical mode decreases and the corresponding propagation length increases [17] .
Therefore, when the number of periods N increases, the optimized stub length L 1 has to decrease to match this increase in the length of the sensing region. In addition, for comparison, the enhancement (shown on the right vertical axis in Fig. 3(a) -(f) ) with respect to a conventional MDM sensor with width w = 20 nm is also calculated, and is proportional to the FOM. In Fig. 3 , we observe that the maximum enhancement of ∼ 16.5 is obtained for N = 1. Thus, even though the maximum FOM is obtained for N = 10, the maximum enhancement with respect to the reference MZI sensor with a conventional MDM waveguide in the sensing arm is obtained for N = 1. In other words, the enhancement due to the slow light effect is more pronounced for smaller sensing lengths. In short, we find that for subwavelength sensing regions, using the plasmonic EIT system in the sensing arm of the MZI sensor results in significantly larger FOM, compared to a sensor in which a conventional MDM waveguide is used in the sensing arm [18] . As mentioned above, a MZI sensor using the plasmonic EIT system results in a maximum FOM of ∼ 6.0 and ∼ 17.6 for N = 1 and N = 10, respectively, while the maximum FOM for a MZI sensor using a conventional MDM waveguide is ∼ 0.36 and ∼ 2.9 for L s = 100 nm and L s = 1000 nm, respectively. Thus, the maximum enhancements are ∼ 16.5 and ∼ 6 for L s = 100 nm and L s = 1000 nm, respectively. In other words, a MZI sensor using the plasmonic EIT system leads to approximately an order of magnitude enhancement in the FOM, and therefore in the minimum detectable refractive index change, compared to a MZI sensor using a conventional MDM waveguide.
Since the maximum FOM and maximum enhancement are obtained for N = 10 and N = 1 (Fig. 3) , respectively, we next investigate the transmission coefficient T and sensitivity coefficient S of these two cases in detail. In Fig. 4(a) and (b) , we show the transmission coefficient T, the sensitivity coefficient S and the relative attenuation sensitivity − ∂ n , as a function of the stub resonator length L 1 for N = 1. As L 1 increases, L 2 decreases, since L 1 + L 2 + w is fixed, as mentioned above. Thus, the stub lengths difference ΔL = L 2 − L 1 decreases, and therefore the frequency spacing between the stub resonances Δω decreases. As a result, the field intensity in the stub resonators is enhanced, the real part of the wave vector increases, and the transmission coefficient T, which corresponds to the transparency peak, decreases due to the metallic loss (Fig. 4(a) ) [15] , [16] , [21] . On the other hand, as ΔL decreases, the slowdown factor increases [16] . Thus, the amplitude of the insertion phase sensitivity ∂ B ∂ n , increases for L 1 < 152 nm. We note that, if L 1 > 152 nm, we have L 2 < 218 nm so that ΔL and therefore Δω are small. In this regime we found that the group velocity actually increases [18] , so that the amplitude of the insertion phase sensitivity ∂ B ∂ n decreases, as L 1 increases (Fig. 4(b) ). The amplitude of the relative attenuation sensitivity − (Fig. 4(b) ). The amplitude of the overall sensitivity coefficient |S
) is maximized for L 1 = 152 nm (144 nm). As mentioned above, S + (S − ) corresponds to the difference between the sensing and reference arms insertion phases in the absence of analyte being a negative (positive) odd multiple of π/2. In addition, the FOM is the amplitude of the product of the transmission coefficient T, and the sensitivity coefficient S ( (4)). For L 1 < 152 nm (144 nm) there is a trade-off between T which decreases, and |S + |(|S − |) which increases, as L 1 increases (Fig. 4(b) ). For small L 1 the increase in |S + |(|S − |) dominates the decrease in T, so that the FOM increases, as L 1 increases. However, for larger L 1 the decrease in T becomes significant, and the FOM eventually decreases (Fig. 3(a) ). The maximum FOM of ∼ 6.0 is obtained for L 1 ∼ 148 nm.
In Fig. 4(c) and (d), we also show the transmission coefficient T, the sensitivity coefficient S, the relative attenuation sensitivity, − ∂ n e −A +A 0 , so that the overall sensitivity coefficient depends almost only on the insertion phase sensitivity (Fig. 4(d) ). We also observe that the dependence of 
∂ n of a MZI refractive index sensor, in which the sensing region consists of a plasmonic EIT waveguide system ( Fig. 1(b) ), as a function of frequency. Results are shown for L 1 = 148 nm (N = 1) and 96 nm (N = 10). All other parameters are as in Fig. 4(a) . (b) and (d) Transmission (black) and reflection (red) spectra for the sensing arm of the sensors of Fig. 5(a) and (c) , respectively. the transmission coefficient T (Fig. 4(c) ), the sensitivity coefficient S (Fig. 4(d) ), and therefore of the FOM (Fig. 3(f) ) on L 1 for N = 10 is very similar to the single period case (N = 1) (Figs. 4(a), (b), and (3(a) ). For a given L 1 , increasing the number of periods N of the plasmonic EIT system, increases both the attenuation and the insertion phase of the optical mode propagating through the structure. Thus, the transmission coefficient T decreases, while the sensitivity coefficient S increases (Fig. 4) , as the number of periods N increases. The maximum FOM of ∼ 17.6 for the N = 10 case is obtained for L 1 ∼ 96 nm (Fig. 3(f) ).
In Fig. 5(a) and (c), we show the FOM of the MZI sensor based on the plasmonic EIT system as a function of frequency for N = 1 and N = 10, respectively. In Fig. 5(b) and (d), we also show the transmission (black) and reflection (red) spectra calculated using FDFD for the sensing arm of the sensors of Fig. 5(a) and (c), respectively. When N = 1, we observe that, as expected, the FOM of the sensor exhibits a peak at f = 192 THz (Fig. 5(a) ), which coincides with the transparency peak in the transmission spectra of the plasmonic EIT system (Fig. 5(b) ). Note that the transparency peak is actually centered at f = 192 THz for L 1 + L 2 + w = 420 nm with L 1 = 148 nm, and therefore the maximum FOM is slightly higher than the one at f = 194 THz shown in Fig. 3(a) (∼ 6.0). When N = 10, we observe that the FOM and transmission spectra are both much broader than those of N = 1. In addition, the FOM exhibits a peak at f = 194 THz, whereas the transmission peak is at f = 210 THz. These results can be explained as follows. First, the stub length L 1 used in the case of N = 10 (L 1 = 96 nm) is smaller than the one used for N = 1(L 1 = 148 nm). As L 1 decreases, the stub lengths difference ΔL = L 2 − L 1 increases. Thus, the frequency spacing between the stub resonances Δω increases, and therefore the width of the transmission band increases [17] . Second, when we consider a multi-period structure in the sensing region, the interaction between periods can give rise to a shift of the resonance peak and also broaden the transmission band of the entire system. Fig. 6(a) , (c), and (e) show the magnetic field profiles associated with the optimized structures of Fig. 3(a) for L 1 = 148 nm (plasmonic EIT waveguide system with N = 1 in the sensing region), Fig. 3(f) for L 1 = 96 nm (plasmonic EIT waveguide system with N = 10 in the sensing region), and Fig. 2 for sensing length Ls = 1000 nm (conventional MDM waveguide in the sensing region), at f = 194 THz. Fig. 4(b) and (d) demonstrate that the contribution to the sensitivity coefficient S from the insertion phase sensitivity ∂ B ∂ n is larger than that from the relative attenuation sensitivity − ∂ A ∂ n e −A +A 0 for a plasmonic EIT slow light waveguide system in the sensor arm, and for N = 10 the latter one is negligible compared to the former one. In Fig. 6(b) and (d), we clearly observe a change in the phase of the mode in the output waveguide when there is an refractive index change of 0.1 introduced in the sensing region for N = 1 and N = 10, Summary of optimized designs and operating parameters at λ 0 = 1.55 μm . The optimum sensing lengths L s , transmission coefficients T, and detection limits Δ n m in of sensors are shown for the optimized system of Fig. 1(b) . a The optimum sensing lengths L s , transmission coefficients T, and detection limits Δ n m in of sensors are shown for a system consisting of an EIT slow-light waveguide sandwiched between two conventional MDM waveguides (double-stub case) in Ref. [17] .
respectively. Furthermore, the change in phase for N = 10 is significantly larger than the one for N = 1, which is also consistent with the results shown in Fig. 4(b) and (d) . On the other hand, Fig. 6(f) shows that there is a much smaller change in the phase of the mode in the output waveguide for the optimized conventional MDM waveguide sensing system with the same index change and sensing length as in Fig. 6(d) . In short, the field profiles of Fig. 6 demonstrate that the induced change in the phase of the waveguide mode propagating through the sensing arm of the MZI sensor, when the refractive index in the sensing region is varied, is much larger if a plasmonic EIT system is used in the sensing arm, compared to if a conventional MDM waveguide is used. Table I summarizes the optimized design for the MZI based sensor using the plasmonic EIT system with N = 10 and the sensor consisting of a plasmonic EIT system sandwiched between two conventional MDM waveguides (double-stub case) at the operating wavelength of λ 0 = 1.55 μm [17] . The detection limit Δ n min =
F O M | is computed using (3) assuming input power of P in = 1 mW and smallest measurable change in output power of ΔP out,min = 10 nW [17] , [18] . The detection limit of the optimized sensor structure consisting of a plasmonic EIT system sandwiched between two conventional MDM waveguides (double-stub case) is 1.1 × 10 −6 with optimal sensing length L s = 300 nm and transmission coefficient T = 0.52 [17] . For comparison, although the required sensing length of the optimized MZI based structure (1000 nm) is 3.3 times larger than that of the previously proposed structure (300 nm), the detection limit of the MZI based structure (5.8 × 10 −7 ) is ∼ 1.9 times smaller than that of the previously proposed structure (1.1 × 10 −6 ). In other words, the MZI based slow light sensor can achieve smaller detection limit while still keeping the size of the device at the subwavelength scale. In Table I , we also observe that although the required sensing length of the MZI based structure (1000 nm) is ∼ 3.3 times larger than that of the previously proposed structure (300 nm), the transmission coefficient T of the MZI based structure (0.43) is only slightly smaller than that of the previously proposed structure (0.52). This indicates that the MZI based slow-light system has a smaller insertion loss. This is due to the fact that in the MZI based system the input energy is partially fed into the low-loss reference arm, which leads to decreasing the overall power loss of the sensor system. Thus, the effective sensing length and therefore the sensitivity of the sensor system can be increased. In other words, for a large e −A 0 (the attenuation of the optical mode field in the low loss reference arm), the transmission coefficient T of the MZI based sensor structure (e −A −A 0 ) will be much larger than that of a sensor structure consisting of a plasmonic EIT system sandwiched between two conventional MDM waveguides (e −2A , corresponding to the attenuation factor in Ref. [17] ). In addition, the maximum FOM of the asymmetric case investigated here (in which the attenuation in the two sensor arms in the absence of analyte is not limited to be the same) is ∼ 2.6 times larger than that of the symmetric case (in which the attenuation in the two sensor arms in the absence of analyte is limited to be the same) [21] . Note that, even in the case of the same sensing length L s = 200 nm, the maximum FOM of the asymmetric case (Fig. 3(b) ) is still ∼ 1.6 times larger than that of the optimized symmetric case [21] .
As final remarks, the sensing performance of our proposed plasmonic MZI sensor can be measured using a mircofluidic platform [33] [34] [35] . The sensing channel can be defined by fabricating a metal-air-metal slot waveguide using lithographic methods. The sensing solution can flow into the sensing arm. A material such as CYTOP (a fluoropolymer with a refractive index close to that of biologically compatible fluids, such as water [35] , [36] ) can be used in the dielectric core of the reference arm. Thus, the refractive index of the core of the reference arm remains constant, when different sensing solutions flow into the sensor. The propagation constant of the fundamental waveguide mode of the reference arm is entirely dependent on the refractive indices of CYTOP and silver, and has no dependence on the refractive index of the fluid to be sensed. The light can be injected and collected using grating or slits coupler structures. A nanoslit or grating structure connected via a triangular air groove can be etched in the input port of the plasmonic waveguide to effectively excite surface plasmons. Similarly, a decoupling grating can be etched in the output port to scatter the surface plasmons into free space for measurement purposes. The scattered light can then be collected by a long working distance objective [20] , [33] , [37] .
In addition, while here we design our structure so as to optimize the figure of merit at 1550 nm, the structure can be designed to operate at different wavelengths by properly choosing the MDM stub resonator lengths. Due to imperfections introduced during the fabrication process, the operating wavelengths of fabricated waveguide-cavity structures usually differ from the theoretically designed wavelengths [38] . As an example, photonic crystal resonator sensors and ring resonator sensors generally suffer from fabrication imperfections [39] , [40] . One way to address this issue is to use a post fabrication tuning mechanism. As an example, it has been demonstrated that differential thermal tuning can be used to align the resonance wavelengths of photonic crystal waveguide-cavity structures [38] . This thermal tuning technique requires no extra materials or structures, and thus avoids the potential quality degradation of the photonic crystal microcavities and excess fabrication complexity [38] . This post-fabrication tuning method relaxes the fabrication requirements.
We also note that it has been shown that, if the metal film is thick enough, 2-D simulations of MDM plasmonic waveguide devices (which correspond to infinite metal film thickness) are in good agreement with three-dimensional (3-D) simulations (which take into account the finite thickness of the metal film). In fact, for a metal film thickness of ∼1 μm it was shown that 2-D simulations of MDM plasmonic waveguide-cavity devices are in excellent agreement with 3-D simulations [41] . In addition, we recently showed that, with proper choice of their design parameters, a 3-D plasmonic two-conductor waveguidecavity device and a 2-D MDM device can have nearly identical transmission spectra [42] . In other words, given a 2-D MDM plasmonic waveguide device, it is possible to find in a systematic way a 3-D plasmonic two-conductor waveguide-cavity device with nearly identical transmission spectra. Using this approach, the 2-D plasmonic device design that we propose here can be implemented using 3-D plasmonic waveguides.
III. CONCLUSION
In this paper, we investigated slow-light enhanced ultracompact plasmonic sensors based on Mach-Zehnder interferometer structures. We first considered a sensor in which a conventional nanoplasmonic MDM waveguide was used in the sensing region. Such plasmonic waveguides can be engineered to support a slowlight mode. We found that, as the group velocity decreases, the sensitivity of the effective index of the mode to variations of the refractive index of the material filling in the structures increases. Such slow-light enhancements of the sensitivity to refractive index variations lead to enhanced performance of active plasmonic devices such as sensors. To further enhance the sensitivity, we then considered MZI sensors in which the sensing arm consists of a slow-light waveguide system based on a plasmonic analogue of electromagnetically induced transparency. We found for such a structure the phase sensitivity is enhanced significantly. Overall, we showed that a MZI sensor using such a waveguide system leads to approximately an order of magnitude enhancement in the refractive index sensitivity, and therefore in the minimum detectable refractive index change, compared to a MZI sensor using a conventional MDM waveguide with the same sensing length. In addition, the attenuation associated with material loss in the metal limits the performance of slow-light enhanced plasmonic sensors. We found that the low loss conventional MDM waveguide used in the reference branch of the MZI structure decreases the overall power loss and increases the effective sensing length of the entire sensor system. The optimized slow-light enhanced MZI based sensor further leads to ∼ 1.9 times enhancement in the refractive index sensitivity, and therefore in the minimum detectable refractive index change, compared to the previously proposed waveguidecavity sensor in which the slow-light plasmonic EIT waveguide system is sandwiched between two conventional MDM waveguides [17] .
